Meteoroids impacting the Earth atmosphere are commonly classified using the PE criterion. This criterion was introduced to support the identification of the fireball type by empirically linking its orbital origin and composition characteristics. Additionally, it is used as an indicator of the meteoroid tensile strength and its ability to penetrate the atmosphere. However, the level of classification accuracy of the PE criterion depends on the ability to constrain the value of the input data, retrieved from the fireball observation, required to derive the PE value. To overcome these uncertainties and achieve a greater classification detail we propose a new formulation using scaling laws and dimensionless variables that groups all the input variables into two parameters that are directly obtained from the fireball observations. These two parameters, α and β, represent the drag and the mass loss rates along the luminous part of the trajectory, respectively, and are linked to the shape, strength, ablation efficiency, mineralogical nature of the projectile, and duration of the fireball. Thus, the new formulation relies on a physical basis. This work shows the mathematical equivalence between the PE criterion and the logarithm of 2αβ under the same PEcriterion assumptions. We demonstrate that log(2αβ) offers a more general formulation which does not require any preliminary constraint on the meteor flight scenario and discuss the suitability of the new formulation for expanding the classification beyond fully disintegrating fireballs to larger impactors including meteorite-dropping fireballs. The reliability of the new formulation is validated using the Prairie Network meteor observations.
Introduction
During the past mid-century the observations of fireballs in the Earth atmosphere fostered the development of atmospheric entry models to improve the physical characterization of the impacting bodies. One of the multiple approaches considered that the ability of a meteoroid to penetrate the Earth atmosphere is related to some observable characteristics of its atmospheric flight. A link between these parameters was outlined by Ceplecha & McCrosky (1976) , who introduced a compositional and orbital dynamics discriminant called the PE criterion.
This confers the PE criterion with very interesting classification capabilities. On one hand, the PE criterion allows a prompt first order quantification of the meteoroid strength. Since there is clear evidence for different tensile strength properties for meteoroids associated with different streams (Trigo-Rodríguez & Llorca 2006 , 2007 Trigo-Rodríguez 2019) , the PE criterion has become a common tool (1) to assess a membership of observed meteor events to already identified meteor showers, (2) to suggest the possible existence of new meteor shower streams, and (3) to confirm the existence of meteorite-droppers among meteor shower streams (Brown et al. 2013 ). On the other hand, the PE criterion can also be combined with other orbital dynamics criteria. For example, it can be used with the Tisserand parameter to gain a more accurate understanding of the cometary or asteroid origin of the event under study (Matlovic et al. 2017) .
Although the PE criterion is commonly applied in meteor science, its main drawback is the necessity of an initial assumption, averaging, and rounding of the involved input parameters in order to obtain the remaining parameters in the PE formulation. This eventually leads to a different level of inaccuracies and biases in the results. Despite the PE criterion being extensively used over the years, it has experienced no revision to solve this issue ever since. The scope of this work is to revisit the formulation of this criterion and to introduce a physically based alternative.
The fast-growing computer processing capabilities have fostered the development of alternative fireball modelling strategies. In this regard, to overcome the lack of meteor flight information on relevant body characteristics, Stulov, Mirskii, & Vislyi (1995) , Stulov (1997) , Gritsevich & Stulov (2006) , and Gritsevich (2007) implemented scaling laws and dimensionless parameters to tackle the original Newtonian formulation in a different way. This new formulation, which has been proven and validated in many other works (see Moreno-Ibáñez, Gritsevich & Trigo-Rodríguez (2016) for a review), reduces all the meteor flight modelling unknowns to two parameters, namely α and β, that have a physical meaning and can be obtained from the meteor observations (Gritsevich 2008a (Gritsevich , 2009 Bouquet et al. 2014; Vaubaillon et al. 2015; Trigo-Rodríguez et al. 2015; Sansom et al. 2015; Dmitriev, Lupovka & Gritsevich 2015; Lyytinen & Gritsevich 2016; Meier et al. 2017; Gritsevich et al. 2017) . The ballistic coefficient, α, is proportional to the mass of the atmospheric column with the cross section Se along the trajectory divided by the meteoroid's pre-atmospheric mass. In other words, α expresses the drag intensity suffered by the meteor body during its flight. The mass loss parameter, β, characterizes the mass loss rate of the meteoroid. It can be expressed as the fraction of the kinetic energy per mass unit of the body that is transferred to the body in the form of heat divided by the effective destruction enthalpy.
The suitability to use the parameters α and β to classify meteoroid impacts was introduced by Gritsevich, Stulov & Turchak (2009 , 2012 and was recently demonstrated on a large observational dataset by Sansom et al. (2019) . In particular, using this approach Sansom et al. (2019) identify meteorite-producing fireballs illustrating their 'clustering' on the α-β plot. It was suggested in Moreno-Ibáñez, Gritsevich & Trigo-Rodríguez (2015 , 2017 , as a prospect for future research, that the mathematical combination of α and β could also lead to the revision of the PE criterion. This work explores the suitability of parameters α and β to provide a reliable physically based classification and proposes an alternative criterion that ties all the unknowns describing meteor flight in a robust mathematical expression.
Derivation of the criterion
The PE formulation estimates the meteoroid ability to penetrate the Earth's atmosphere by taking into consideration the atmospheric density at the terminal height (the last luminous point of the meteor along its descending path through the atmosphere). Using the single body theory equations and assuming no terminal mass (Mt=0), an isothermal atmosphere ρ/ρ0=exp (-h/h0) , and neglecting the average meteoroid deceleration (<V 2 >=Ve 2 ), Ceplecha & McCrosky (1976) mathematically obtained:
− log = log + log − 0.33 log + 2 log − log ( ) + .
Equation 1 where ρt is the air density [g·cm -3 ] at the meteor terminal height, σ [s 2 ·cm −2 ] is the ablation coefficient, K [cm 2 ·g −2/3 ] is the shape-density factor, Me [g] and Ve [km·s -1 ] are the entry mass and velocity of the meteoroid, respectively, and ZR [degrees] is the zenith distance of the meteoroid radiant (trajectory angle to the vertical). Note that, although for the sake of this paper we are more interested in the mathematical derivation of the PE criterion (Equation 1), Ceplecha & McCrosky (1976) initially derived the PE criterion by empirical means. Assuming that the most relevant factors regarding the ability of a meteoroid to penetrate the atmosphere are the zenith distance of the meteoroid radiant, the entry mass, and the entry velocity, Ceplecha & McCrosky (1976) grouped the impacting meteoroids implementing a least square fit on the coefficients (A, B, and C) of the following empirical expression:
Equation 2 In their work, Ceplecha & McCrosky (1976) assumed fast meteoroids, with no time to undergo significant deceleration before disintegration. This assumption led to the conclusion that most of the meteoroids in the Prairie Network data set (PN; McCrosky, Shao & Posen 1976 , 1977 showed a similar ablation coefficient value (Ceplecha & McCrosky 1976) . Consequently, the authors considered log(σ) to be fixed and approximated its value by using the average of some subset of the analyzed PN events. As per the value of the shape variation factor (K) in Equation 1, its variation, as discussed by Ceplecha & McCrosky (1976) , is related to the average value of log(σ) of all the individual fireball observations along its trajectory. The related variation of these two parameters (K and σ) were included by Ceplecha & McCrosky (1976) through a second empirical criterion which can be combined with Equation 2 to lead to the formulation of Equation 1 (for more details see Ceplecha & McCrosky 1976) . Then, if log(σ) is fixed for all the fireballs, it follows that log(K) is fixed too. These two assumptions make Equation 1 and Equation 2 equivalent except for the constant (the fixed values of log(σ) and log(K)). Consequently, under these assumptions the empirical formulation (Equation 2) results in the approximate criteria illustrated in Equation 1. In any other situation, the ablation and shape variation coefficients should be explored individually for each event.
By implementing scaling laws and introducing dimensionless variables, we propose that the derivation of the adjusted coefficients of the PE criterion (Equation 1) can be replaced by a caseby-case derivation of two parameters, α and β, which gather all the fireball flight unknowns avoiding unnecessary assumptions. In principle, α depends on the pre-atmospheric cross-sectionto-mass ratio (the ratio which can be easily converted into dependency on shape-density factor K or bulk density, pre-atmospheric mass and shape coefficient) and trajectory slope γ related to ZR. The mass loss parameter, β, is proportional to the pre-atmospheric velocity in power of 2 and inversely proportional to the effective destruction enthalpy; it can be linked to the ablation coefficient σ (see Gritsevich 2009 ). Thus, it is obvious that a similar set of physical parameters affecting the degree of deepening of meteoroids in the Earth's atmosphere is accounted for in both the mathematical formulation of the PE criterion and a combination of α and β parameters. The dimensionless formulation using α and β can be derived from the definition of these parameters (Gritsevich 2009 Here, cd is the drag coefficient, h0 [km] is a planetary scale height, ρ0 [kg · m -3 ] is the atmospheric density at the sea level, Se [m 2 ] is the entry middle section area of meteoroid, Me [kg] is the entry meteoroid mass, γ [degrees] is the slope between the horizon and the meteor trajectory, µ is a shape change coefficient, ch is the heat exchange coefficient, Ve [km· s -1 ] is the meteoroid entry velocity, and H * [km 2 ·s −2 ] is the effective destruction enthalpy.
A logarithm of the product of dimensionless parameters α and β leads to:
Equation 5 In order to enable an easier comparison between Equation 5 and the PE criterion (Equation 1), the former can be formulated with the same parametrization as the latter involving the following relationships:
• The relation: S/Se=(M/Me) µ , where S and M the meteoroid middle section and mass respectively (from Levin (1956 Levin ( , 1961 ). • The shape-factor A=S/W 2/3 , where W is the meteoroid volume.
• The shape-density factor K=A · cd · ρ -2/3 , where ρ is the meteoroid bulk density.
• The slope between the trajectory and the horizon at each time, γ, is related to ZR as ZR=90°-γ or cos(ZR)=sin(γ).
Including these definitions in Equation 5, it follows that:
Equation 6
While Equation 1 and Equation 6 are quite similar, there are some differences. The shape change coefficient µ is present in various terms and it is physically responsible for enhancing the mass loss along the luminous part of the trajectory that can be estimated from observations (Gritsevich & Koschny 2011) . It is generally accepted that 0≤µ≤2/3. Nonetheless, Bouquet et al. (2014) concluded, based on their calculations using the Meteorite Observation and Recovery Project (MORP; Halliday, Griffin & Blackwell 1996) database, that many meteoroids show µ=2/3. Note, that also Ceplecha & McCrosky (1976) consider in their derivation a constant meteoroid shape that corresponds to our case of shape change coefficient µ=2/3. Therefore, when µ=2/3, the term in Equation 6 that depends on the mass, M, could be removed or considered negligible, and the Me term would be multiplied by 0.33.
Additionally, there is no terminal height related term in Equation 5. In this regard, Gritsevich & Popelenskaya (2008) , Gritsevich, Lukashenko & Turchak (2016) , and Moreno-Ibáñez et al. (2015, 2017) discussed the accuracy of various simplifications of the general formulation introduced by Stulov et al. (1995) to calculate the terminal height of fully ablated fireballs as well as meteorite-droppers. To match the assumptions made by Ceplecha & McCrosky (1976) (namely: no meteor deceleration, meteoroid final disintegration, constant shape, and isothermal atmosphere), the most suitable terminal height formulation simplification is the hI solution outlined in Moreno-Ibáñez et al. (2015 , 2017 :
Then, combining Equation 6 and Equation 7, it follows:
− log = log + log + 2 log − log ( ) − 0.33 log + .
Equation 8 This derivation proves that Equation 1 and Equation 8, under the equal assumptions, are the same. Hence, the new approach suggested here provides a generalized physically based formulation for a robust fireball classification.
Results
These two parameters, α and β, are easily retrievable from the observed set of the fireball trajectory points. The values of height and velocity at these points are adjusted via the leastsquares method to the scaled and dimensionless formulation of the general meteor flight equation (see Gritsevich 2009; Lyytinen & Gritsevich 2016 for further details). This methodology has been implemented for meteors showing some degree of deceleration, when at least three trajectory points (corresponding to height and velocity) are available from the observations. Given that the entry velocity is used to scale the velocity, in an ideal case, one of these three points should correspond to the entry point. However, estimating the entry velocity is generally challenging (Egal et al. 2017) . In their recent study, Moreno-Ibáñez et al. (2017) discussed the viability of directly deriving the meteoroid entry velocity, along with the α and β parameters.
Once the values of α and β are obtained individually for each event, it is straightforward to derive the values of other meteor flight parameters. In this regard, as per Equation 4, the ablation coefficient is directly linked to the β parameter. The value of the ablation coefficient depends on several factors, such as chemical composition, grain size, bulk density, porosity and body shape, among others, and so the generalization adopted in Ceplecha & McCrosky (1976) may induce inaccuracies in their classification. In general, the values of the ablation coefficient range between 0.001 and 0.21 km 2 ·s −2 (for a review see: Silber et al. 2018) , whereas for the PE criterion Ceplecha & McCrosky (1976) assumed a fixed value of log(σ) = -11.7 (σ = 0.02 km 2 ·s −2 ).
The values of α, β, and σ for 121 members of the PN database were computed by Gritsevich (2009) . Using these data, it is possible to compare the PE results obtained from Ceplecha & McCrosky (1976) to the log(2αβ) outcome. Only for 101 of these events α and β, and the PE value are available, and thus these are used in the following discussion. The numerical results for both approaches are given in Table 1 .
The values of the PE criterion calculated by Ceplecha & McCrosky (1976) correspond to the outcome of the empirical formulation in Equation 2. However, as discussed previously, the resulting values of Equation 2 are, in average, equivalent to the shift in the results of Equation 1. In order to avoid the effect of this shift, to set the same scale range between PE and log(2αβ), and to reduce the induced recurrent uncertainties due to unknown parameter approximation and measurement biases, a normalization is applied to the PE and log(2αβ) results. The resulting comparable histograms for both the PE criterion and the new approach are shown in Figure 1 . Note that, since hI is log(2αβ) times a constant (Moreno-Ibáñez et al. 2015) , the latter can be directly compared to PE. (2αβ) proposed in this study (bottom) distributions. The dashed lines delineate the four PE groups described by Ceplecha & McCrosky (1976) .
Discussion
From the results in Table 1 , the arithmetic mean and standard deviation of the PE sample are 4.66 and σSTDV=0.42, respectively. Similarly, for log(2αβ) the mean is 2.17 and the standard deviation approaches σSTDV=0.76. The more extended distribution (larger standard deviation) obtained using the new criterion compared to the PE criterion indicates that any preset assumptions on the unknown parameters in Ceplecha & McCrosky (1976) have had a systematic notable influence on the results. Moreover, as Ceplecha & McCrosky (1976) fixed the three coefficients of their PE empirical formulation (A, B, and C, in Equation 2) according to a least square fit, the shape of the distribution is constrained by a relatively small observational dataset dictating the resulting values for these coefficients.
According to Ceplecha & McCrosky (1976) , the orbital and compositional characteristics of a fireball can be classified into one of the four groups that follow the PE results for the PN data set. These groups are delineated with dashed lines in Figure 1 . A subset of these data used in our study shows relevant differences in the distribution of groups I, II and IIIa. For group I the PE criterion shows 52 events, whereas the application of the log(2αβ) criterion results in 38 events. For group II there are 40 (PE) versus 58 (log(2αβ)) occurrences. For group IIIa it results in 4 (PE) against 5 (log(2αβ)). Interestingly, the log(2αβ) criterion does not show any event in group IIIb.
The 4 events present in group IIIb using the PE criterion illustrate how the observational assumptions required to use this criterion could effectively affect the grouping of fireballs. An example of this are two of these four events (events 39043.601 and 39048.956 in Table 1) Ceplecha & McCrosky (1976) . The new accuracy level obtained with the new formulation of the PE criterion requests a new classification scheme to better understand the event under study. Furthermore, the case of these Draconids meteors is also an example of how our new criterion is more consistent, and less influenced by data biased interpretation.
The shift in the group distribution of the data set according to the new criterion, along with the larger standard deviation of log(2αβ) are indicative of an induced shift towards group II of the original PE fireball classification. This may indicate a larger number of carbonaceous chondrites within the Prairie Network data set than what is showed by the log(2αβ) alternative. This result contradicts one of the main goals of Ceplecha & McCrosky (1976) research, as they tried to set a criterion to clearly identify ordinary chondrites (represented by group I) through fireball observations. Further analysis on this regard should include a revision on the limits between fireball groups, but this is out of the scope of this paper and we propose it as a subject for future investigations. Gritsevich et al. (2012) initially suggested that a combination of α and β could outline an alternative fireball classification, removing unknown meteor flight parameter assumptions from the criterion. Moreno-Ibáñez et al. (2015 , 2017 also suggested that the derivation of other meteor flight parameters (i.e., terminal height) using the new proposed methodology could identify possible empirical inaccuracies, and therefore identify outliers in large data sets. In these cases, it could be convenient to correlate suitable parameters with α or β to explore these inaccuracies depending on the data set or event under study. Here we have demonstrated that the use of these parameters in Equation 6 provide a more reliable generalized criterion for fireball classification and does not require prior knowledge about meteor parameters or empirical coefficients.
The PE criterion outlined by Ceplecha & McCrosky (1976) is commonly used as an informative tool to get a quick overview of the event under study. Further study of the event requires the implementation of dynamical and/or photometric approaches to derive more properties of the phenomena. In many cases these approaches forcedly need the assumption of some variables. Indeed, the derivation of the entry mass (Me in Equation 2) may lead to different results when a dynamical or photometric approach are implemented for its derivation (Gritsevich 2008c ). In addition to this, the impact of meteoroids to the atmosphere involves more complex phenomena that hinder the analytical study (see e.g. Öpik 1958; Bronshten 1983) . For instance, large meteoroids could experience severe fragmentation that may split the initial single body into several bodies thus affecting their atmospheric trajectories and brightness. For these cases, a more detailed and cautious study is needed, and the classification using the PE criterion, when viable, is more challenging.
The new formulation presented in this paper provides reliable fireball classification which can, in some cases, be adapted for complex fireball scenarios. The relative ease to obtain the values of α and β from observations have been demonstrated by recent studies. Indeed, Gritsevich (2009) derived the α and β parameters for 143 fireball events from the Meteor Observation and Recovery Project (MORP, Canada; Halliday et al.1996) and 121 events from the Prairie Network database (PN, USA; McCrosky et al. 1976 McCrosky et al. , 1977 . Additionally, a set of the 278 fireball events observed by the Desert Fireball Network (DFN, Australia; Howie et al., 2017) was analyzed in Sansom et al. (2019) to show how the visualization in an α-β diagram can quickly identify which fireballs may produce meteorites. These studies allowed the first and an efficient large-scale classification of meteors, the identification of meteorite-producing fireballs, and the capacity to forecast impactcrater production using accurate parameters. The graphical comparison of meteor events in the ln α -ln β plane reveals that meteorite-droppers lie in a different region than fully ablated fireballs (Gritsevich et al. 2012; Sansom et al. 2019 ). This conclusion is even more pronounced if the trajectory slope is taken into account in a comparative plot (Sansom et al. 2019) . For instance, Figure 2 , which is an updated version of the Gritsevich et al. (2012) diagram, shows how meteorite-producing events (such as Innisfree, Lost City, Annama, Bunburra Rockhole, etc.) cluster in a defined localized region of the diagram compared to the rest of the fireballs. Moreover, the location of the few identified carbonaceous chondrites of the MORP database (northern and southern Taurids) fall in another delimited area of the diagram.
The lack of reliability of the PE criterion is clearly evidenced when the ablation coefficient is evaluated. In the scaling and dimensionless approach this value is obtained from observations and treated as a free variable. As it can be derived from the data set in Table 1 , the fixed value used in the original PE criterion (σ = 0.02 km 2 ·s −2 ) is far from the averaged value obtained here directly from observations (σ = 0.013 km 2 ·s −2 ). This issue is partially solved by Ceplecha & McCrosky (1976) introducing a second criterion that accounts for the average variations in log(σ) and log(K). It should be noted that this second criterion is rarely used in the literature.
Furthermore, the single body theory includes an exponential atmosphere to derive the meteor flight equations. To support the analytical derivation, this simplification is also implemented in the scaling laws and dimensionless variables formulation. However, as discussed by Lyytinen & Gritsevich (2016) , this latter formulation is flexible enough to allow the incorporation of any other atmospheric model (e.g., MSIS-E 90 (Hedin 1991) or actual weather station information at the time and location of the fireball) to adjust the atmospheric pressure to actual values and enhance the accuracy of the outcome. Moreover, it does not require any formulation adaptation, which ultimately permits re-assigning the classification of individual events or complete data sets with little effort by utilizing a desired atmospheric model. Gritsevich et al. (2012) , where the few Taurids registered by the MORP are marked separately. Symbols for Pribram, Lost City, Innisfree, Neuschwanstein (Gritsevich 2008a) , Benesov (Gritsevich 2008b; Gritsevich et al. 2017 ) Park Forest (Meier et al. 2017) , Annama , Bunburra Rockhole (Sansom et al. 2015) , Kosice , and Dingle Dell (Devillepoix et al. 2018 ) meteorites are also shown. Note that Innisfree and Annama show nearly the same α and β values and so their symbols coincide in the graph.
Figure 2 -Diagram showing the lnα and lnβ for MORP and PN database events based on
Up to this point we have accepted µ (Levin 1956 (Levin , 1961 as fixed with a value of 2/3. Although this is valid for most cases, an accurate analysis of this parameter is necessary in some studies. The parameters α and β are retrieved directly from the observations, but individual meteor flight parameters are derived from these two values. For instance, the ablation coefficient, σ, is obtained from the β parameter and, as per Equation 4, the derivation is dependant of the µ value. Understanding the value of µ at each event is essential to use a more general formulation (Equation 6) and achieve a greater accuracy and detail in the classification.
Finally, the values of α or β can be also retrieved accurately under certain meteoroid atmospheric fragmentation scenarios (see Gritsevich 2008a; Moreno-Ibáñez 2018) . It has been demonstrated that these parameters can be used to identify meteorite-producing fireballs as well as to predict formation of impact craters for larger impactors (Gritsevich et al. 2012; Turchak & Gritsevich 2014; Sansom et al. 2019 ). On one hand, this allows for the new criterion to be used for meteoritedroppers (and not only to disintegrating fireballs); and on the other hand, it provides a reliable classification for the atmospheric behaviour of meter-sized projectiles.
Conclusions
We have revised the PE criterion, introduced by Ceplecha & McCrosky (1976) , that has been extensively used to interpret the nature and origin of impacting meteoroids. The grouping of fireballs based on this criterion relies on trajectory analysis followed by an elemental approach and simplifications embodied in the single body theory. This empirical formulation of the criterion along with the introduction of fixed constants for meteors showing little to no deceleration, and the application of the criterion to just one data set acknowledges statistical bias on the results of Ceplecha & McCrosky (1976) . This work discussed an alternative approach. The main conclusions found in this study can be summarized as follows:
1) The alternative formulation described here is based on the scaling laws and dimensionless variables. It offers a generalized formulation of the PE criterion (Equation 6) avoiding the original PE assumptions on the meteor flight unknowns and making it unnecessary to introduce empirical constants. 2) Our results suggest that the application of the PE criterion in its original form (in part due to pre-set ablation coefficient value) causes an artificial shift in the PE classification towards group II proposed by Ceplecha & McCrosky (1976) . The reduction of inaccuracies in our new formulation for the PE criterion shall lead to the use of an alternative classification scheme and grouping. The PE criterion was envisioned as an informative tool and so shall the original classification groups be considered.
3) The approach suggested in this work allows for a broader, reliable and efficient classification in the entire range of meteor events from fast cometary stream particles to slow and durable meteorite-droppers that are capable of penetrating deep into the atmosphere, and as such can be source of hazard to humans. (Gritsevich 2009), log(2αβ) , terminal height hI (Moreno-Ibáñez et al. 2015) and PE (Ceplecha & McCrosky 1976) values for 101 fireballs of the Prairie Network. The ID follows the notation introduced by Ceplecha & McCrosky (1976) .
